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A B S T R A C T
Oldoinyo Lengai is the only volcano on Earth currently erupting natrocarbonatites, of which the source and
genesis remain controversial. Cognate xenoliths and fumaroles were sampled at the summit of Oldoinyo Lengai,
and deep crustal xenoliths from Oltatwa maar, in 2010 and 2014, after the 2007–2008 sub-Plinian eruption. The
summit cognate xenoliths provide direct information on the isotopic composition of the mid-crustal magma
chamber that was active during the 2007–2008 explosive eruption. Cognate xenolith-hosted pyroxenes from
Oldoinyo Lengai have an average 3He/4He = 6.58 ± 0.46 RA, similar to values from nearby silicate volcanoes
(4.95–7.30 RA), and reﬂecting a sub-continental lithospheric mantle (SCLM) signature. This similarity implies
that Oldoinyo Lengai carbonatites form from a similar mantle reservoir as the nearby silicate volcanoes. We
identify SCLM, metasomatized by ﬂuids/melts derived from the depleted convective mantle, as the common
source of magmas in the Arusha volcanic province. Fumarole measurements highlight that fumarolic 3He/4He
values have been relatively constant since at least 1988, indicating that dramatic changes to the crater region
morphology during the 2007–2008 eruption did not aﬀect the architecture of the hydrothermal system, which is
probably connected to the crustal magma chamber(s). Moreover, the similarity between 3He/4He values from
the mid-crustal magma chamber (6.58 ± 0.46 RA) and fumaroles (7.31 ± 0.24 RA) of Oldoinyo Lengai attests
that helium is not subjected to atmospheric contamination or crustal assimilation during transport to the surface.
1. Introduction
Carbonatite magmas are unusual as they are characterized by high
concentrations of primary magmatic carbonate (≥50%), and< 20%
SiO2 (LeMaitre, 2002). They are far less common than silicate magmas,
yet have been emitted throughout Earth's history, and on all continents.
The origin of carbonatite magmas remains controversial, and they are
considered to represent either primary melts of a carbon-rich (meta-
somatized) mantle domain, or the products of liquid immiscibility, late-
stage fractionation, or remobilized crustal carbonates (e.g., Jones et al.,
2013, and references therein). Oldoinyo Lengai (East African Rift –
EAR) is the lone volcano erupting carbonatites today, and therefore of
key importance for investigation of the genesis and evolution of car-
bonatite melts, and the plumbing system of a carbonatite volcano.
Noble gases, particularly helium isotopes, are powerful geochemical
tools for tracing mantle sources or determining the degree of crustal
contamination in magmatic phenomena (Graham, 2002); they therefore
may provide constraints on the origin and evolution of carbonatite
melts generated at Oldoinyo Lengai. Helium isotopic ratios (3He/4He)
of mantle-derived gases in the EAR and Natron valley have been well
documented. In the Afar region (northern EAR), Marty et al. (1996)
reported helium isotopic ratios ranging from 0.035 RA (where RA is the
atmospheric 3He/4He of 1.4 × 10−6) for low-Ti lavas, demonstrating a
high degree of crustal contamination, to 19.6 RA for high-Ti lavas, re-
ﬂecting the surface manifestation of a primitive mantle plume. In the
Kenyan and Tanzanian cratons (central EAR), Pik et al. (2006) and
Barry et al. (2013) found helium isotopic compositions to be con-
sistently mid-ocean ridge basalt (MORB)-like (8 ± 1 RA) or lower,
indicating either an asthenospheric upper mantle source combined with
crustal assimilation, or a sub-continental lithospheric mantle (SCLM)
source. Hilton et al. (2011) measured high 3He/4He up to 15 RA at the
southernmost extension of the EAR within the Kenya Dome, implying
the involvement of a deep mantle source. Combined He-Ne-Ar isotopic
compositions of mantle-derived xenoliths and lavas are also explained
http://dx.doi.org/10.1016/j.chemgeo.2017.08.015
Received 9 December 2016; Received in revised form 31 May 2017; Accepted 14 August 2017
⁎ Corresponding author.
E-mail address: gaelle.mollex@mailoo.org (G. Mollex).
Chemical Geology 480 (2018) 66–74
Available online 15 August 2017
0009-2541/ © 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).
T
by the deeply rooted African plume, which impacts the entire EAR
(Halldórsson et al., 2014). However, the number of plumes below the
EAR, and their inﬂuence on magmatism in the region, remain con-
troversial.
Helium isotopic compositions of mantle xenolith-hosted minerals
from small cones and maars near Oldoinyo Lengai (Porcelli et al., 1986;
Hilton et al., 2011) and nearby volcanoes (Pik et al., 2006; Hilton et al.,
2011; Halldórsson et al., 2014) range from 4.95–6.79 RA, consistent
with a SCLM signature (6.1 ± 0.9 RA; Gautheron and Moreira, 2002;
Dunai and Porcelli, 2002, and references therein). All fumarolic
3He/4He measurements from the summit of Oldoinyo Lengai have as
well been consistent with SCLM or MORB sources: a value of 7.6 RA was
ﬁrst reported by Javoy et al. (1988), values of 6.32–7.02 RA were
measured prior to the 2007–2008 explosive eruption (Teague et al.,
2008; Fischer et al., 2009), and two gas samples after the 2008 ex-
plosive phase yielded a value of 6.77 RA (Barry et al., 2013). The good
agreement between all previous helium measurements and SCLM or
MORB helium signatures precludes the involvement of a deep, un-
degassed mantle source or crustal carbonates during the genesis of
Oldoinyo Lengai carbonatites.
To further understand the spatio-temporal helium isotope variations
at Oldoinyo Lengai, we present helium isotope compositions of fu-
marolic gases and xenolith-hosted minerals sampled after the
2007–2008 explosive eruption, and compare those with previously
published results related to the Arusha volcanic province. These data
allow us to (1) discuss the mantle source of Oldoinyo Lengai magmas,
including carbonatites; (2) discuss the processes that govern the genesis
and evolution of carbonatites and related alkaline magmas; and (3)
provide new constraints on the architecture and evolution of the hy-
drothermal system following an explosive eruption that modiﬁed its
surface expression.
2. Geological setting of Oldoinyo Lengai and the 2007–2008
eruption
Oldoinyo Lengai stratovolcano is located in the Natron Lake vol-
canic province in northern Tanzania (eastern branch of the EAR;
Fig. 1A). Much of the ediﬁce comprises phonolite and nephelinite lavas,
tuﬀs, and agglomerates, but eruption of natrocarbonatite lava ﬂows has
been the dominant activity over the last century (Klaudius and Keller,
2006). Carbonatites of Oldoinyo Lengai are characteristically low
viscosity, sodium- and potassium-rich, and strongly enriched in in-
compatible trace elements (Zaitsev and Keller, 2006). Oldoinyo Lengai
represents a natural laboratory for the study of carbonatite genesis, as it
is the only active system erupting carbonatites, and thus preserves the
link between natrocarbonatite and silicate lavas.
Various models have been proposed to explain the formation of
Oldoinyo Lengai natrocarbonatite magmas. Derivation from an unu-
sually carbon-rich mantle (Morogan and Martin, 1985) is unlikely since
δ15N, δ13C, and 3He/4He values, and CO2/3He elemental ratios of fu-
marolic gases are similar to MORB signatures (Fischer et al., 2009;
Barry et al., 2013). Moreover, Fischer et al. (2009) estimated the Old-
oinyo Lengai mantle source to contain ≤ 300 ppm C based on com-
parison of CO2/3He ratios between the upper MORB mantle and Old-
oinyo Lengai. Instead, a very low degree of partial melting (≤0.3%)
and extreme crustal diﬀerentiation may lead to immiscibility between
silicate and carbonatite magmas. Although this hypothesis is supported
by numerous studies, the origin and evolution of the Oldoinyo Lengai
parental magma is still debated. Peterson and Kjarsgaard (1995) and
Dawson (2012) proposed that Oldoinyo Lengai lavas are derived from
intense fractionation of olivine nephelinite melts, whereas
Wiedenmann et al. (2010) and Keller et al. (2006) argued for a con-
nection between olivine melilitites and highly evolved peralkaline
combeite–wollastonite nephelinites.
Eruptions at Oldoinyo Lengai alternate between eﬀusive and ex-
plosive activity; during the last century, ﬁve major explosive eruptions
have been observed, the last of which began in September 2007. Silicate
and carbonatite lavas were erupted contemporaneously during this sub-
Plinian phase (Bosshard-Stadlin et al., 2014; Keller et al., 2010), in
contrast to typical eﬀusive emplacement of solely natrocarbonatite
ﬂows. Dike emplacement below Gelai and Oldoinyo Lengai volcanoes
occurred before the 2007–2008 eruptions (Albaric et al., 2010). Less-
evolved, recharged magma injected into the deep, still active Oldoinyo
Lengai magma chamber interacted and mixed with the resident na-
trocarbonatite magma, thereby triggering CO2 exsolution and the as-
sociated explosive eruption (Bosshard-Stadlin et al., 2014). The
2007–2008 eruption dramatically changed the morphology of the
Oldoinyo Lengai northern summit plateau, forming a ~120-m-deep,
~400-m-wide crater, and destroying hornitos that had previously
emitted natrocarbonatite lava ﬂows. The hydrothermal system related
to the northern crater, from which numerous fumarole measurements
had been obtained, was also destroyed.
3. Samples and analytical methods
3.1. Sample descriptions
Rocks and fumaroles were sampled in 2010 and 2014, thus after the
2007–2008 explosive eruption. Samples 10TL01, 10TL05, and 10TL06
are coarse-grained xenoliths from the rim of the northeast crater, and
represent the most recent products of the explosive eruption.
Petrologically, the xenoliths are coarse grained (thus having crystal-
lized at depth), display a cumulative texture, and are classiﬁed as ijolite
(nepheline, clinopyroxene, and garnet main phases, with subordinated
apatite, sulﬁdes, Ti-magnetite, wollastonite, and quenched melt). The
widespread occurrence of quenched interstitial melt at grain boundaries
(see Fig. S1), textural relationships with surrounding minerals, and
wetting angles provide evidence for a late stage melt that quenched
during rapid xenolith ascent to the surface. The selected xenoliths were
therefore crystallizing at depth when the eruption occurred, and can be
considered as deriving from a crystal mush zone of the 2007–2008
active magma chamber. These samples are cognate xenoliths that
sampled the mid-crust magma chamber (Mollex et al., 2015). Petro-
graphic relationships (mutual inclusive relations) allow us to constrain
the crystallization sequence: ﬁrst clinopyroxene, then garnet, then ne-
pheline, then apatite. As pyroxene was the ﬁrst mineral to crystallize in
the magma chamber, it documents the least evolved melt available;
pyroxene grains were thus hand-picked and analyzed with the aim of
deriving the composition of noble gases present within the magma
chamber. For the Oldoinyo Lengai summit samples, ~300 mg of pyr-
oxene were analyzed by vacuum crushing to extract noble gases (He,
Ne, Ar) trapped in inclusions and along grain boundaries. Two to three
replicate analyses were carried out per sample (Table 1).
To obtain a crustal proﬁle of noble gases in the Oldoinyo Lengai
igneous plumbing system, we sampled another cumulate at Oltatwa
maar, on the eastern slope of Oldoinyo Lengai. Sample 14TG21 is a
cumulate xenolith containing spinel, olivine, clinopyroxene, phlogo-
pite, pargasite, and subordinated sulﬁdes - a mineralogical assemblage
indicating deep crustal crystallization. It has been sampled at the
northern tip of the phlogopite and olivine melilitite tuﬀs that erupted
353 ± 65 kya (Sherrod et al., 2013). These melilitites near Oldoinyo
Lengai are considered to be the most primitive magmas of the area
(Keller et al., 2006), and are interpreted as having rapidly ascended
from mantle or deep crustal depths (e.g., Mattsson et al., 2013). Based
on its mineralogy, the presence of olivine-hosted very primitive ne-
phelinite melt inclusions, and the composition of the host melt, we
suggest that sample 14TG21 is a deep crustal cumulate, therefore
documenting deep crustal processes and compositions. Olivine grains
were hand-picked and analyzed for noble gas content by vacuum
crushing.
In addition to the above samples that document mid- and deep-crust
magmatic systems, we sampled fumaroles at the northern crater of
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Oldoinyo Lengai (Fig. 1B and C) to trace the complete evolution of the
noble gas signature from the mantle source to the surface (Table 2). At
the summit of Oldoinyo Lengai, seven fumaroles were accessible; yet,
only the fumaroles with a temperature > 50 °C were selected for this
study (fumaroles #1, 3, 6, and 7; Fig. 1B and C) because fumaroles of
lower temperature are more likely to be contaminated by air. Gas
samples were collected by two methods; two samples were collected in
300 ml evacuated glass ﬂasks containing 50 ml of 5 N NaOH solutions
(Giggenbach and Goguel, 1989), whereas the other gas samples were
collected in copper tubes. Gas samples in Giggenbach bottles were
immediately transferred into double-valve stainless steel samplers upon
return from the ﬁeld to minimize diﬀusive loss of helium.
3.2. Noble gas analyses
Noble gas (He-Ne-Ar) compositions were analyzed at the noble gas
laboratory at CRPG, Nancy (France). Mineral separates (pyroxene and
olivine) were cleaned in an ultrasonic acetone bath, placed in crushers,
and baked at 80 °C for 12 h to desorb any gases trapped on the grain
surface. The mass of minerals analyzed for each sample is presented in
Table 1. The noble gas puriﬁcation and crushing methods are described
in detail in Burnard et al. (2013). Helium, neon, and argon isotopic
abundances and ratios were measured using a VG5400 noble gas mass
spectrometer (or a Helix MC Plus for sample 10TL05). The 40Ar++
contribution to 20Ne was monitored and found to be negligible (i.e.,
≤5 cps). The CO2+ signal of all samples was comparable to the mass
spectrometer background, and the contribution of CO2++ to the 22Ne
signal was corrected as part of the blank. On the Helix MC Plus, we
Fig. 1. A) Location of Oldoinyo Lengai in the EAR system (represented in orange). The background map is from Google Earth, with data from the Data SIO, NOAA, U.S. Navy, NGA, and
GEBCO Image Landsat. Yellow represents the wider African Rift system. B) Satellite view of Oldoinyo Lengai crater. Blue stars indicate fumarole sampling locations, with location
numbers corresponding to the last digit of sample numbers (e.g., sample OLD14-05 is from fumarole 5). C) An October 2014 photograph illustrating the crater morphology after the last
explosive eruption and further detailing the location of the sampled fumaroles. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)
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corrected the 20Ne signal for interference from HF+, assuming a con-
stant HF+ signal of 0.004 V. Given the high mass resolution of the MC
Plus (~1800), 40Ar++ is partially resolved from the peak of interest
(Honda et al., 2015). The CO2+ signal was monitored after each ana-
lysis, and the 22Ne signal was corrected using a CO2++/CO2+ ioniza-
tion ratio of 0.8%.
Standard and blank analyses were performed before and after each
mineral sample analysis, using the same protocol as for the samples.
Notably, the standard aliquot was diluted in the puriﬁcation line in
order to match the ion intensities of the samples. Air was used to de-
termine analytical sensitivity and reproducibility, except for helium, for
which we used the standard HESJ of Matsuda et al. (2002) with
3He/4He of 20.63 ± 0.10 RA. The reproducibility of standard mea-
surements was on the order of 1.8% for argon, 2.6% for neon, and 9%
for helium abundances, whereas the reproducibility of the isotopic ratio
of the helium standard is 3.5%. Blank contributions to sample analyses
were ≤15% for 20Ne (1 × 10−16 mol) and ≤10% for 36Ar
(5 × 10−16 mol; with the exception of gas-poor sample 14TG21, for
which the Ar blank represented 24%); helium blanks were below the
detection limit (≤10−16 mol). Analyses with blank contribu-
tions≥ 20% are not considered for further discussion. The uncertainty
attributed to the data (1 sigma) includes both internal (i.e., counting
statistics) and external (i.e., standard reproducibility) analytical un-
certainties.
The helium isotopic composition and the 4He/20Ne ratio of fumarole
gases were analyzed with the Helix SFT multicollector noble gas mass
spectrometer, following separation of the He-Ne fraction from the
heavy noble gases using liquid nitrogen cooled activated charcoal. The
standard reproducibility of the helium isotope ratio was better than 5%,
and blank contributions were below the detection limit (therefore as-
sumed to be negligible). Fumarole gas analyses were bracketed by
blank and air-standard measurements. Neon isotope ratios were mea-
sured with the Helix MC Plus on a separate gas aliquot. However, the
measured ratios were not corrected for possible mass interferences.
Therefore, the reported 20Ne/22Ne and 21Ne/22Ne ratios should be used
with caution.
4. Results
4.1. Helium isotopic composition of the deep- and mid-crust magmatic
system
Olivine and pyroxene separates, which are inferred to reﬂect, in the
present study, the noble gas composition of the deep- and mid-crust
magmatic system at Oldoinyo Lengai, respectively, have helium con-
centrations ranging from 1.30 × 10−12 to 7.35 × 10−12 mol/g and
high 4He/20Ne ratios of 390–6110 (Table 1). Helium isotopic compo-
sitions of pyroxenes of the three cognate xenoliths (10TL01, 10TL05,
10TL06) and olivines of the cumulate xenolith (14TG21) vary between
2.42 ± 0.36 and 7.24 ± 0.44 RA. The lowest pyroxene helium isotope
ratio (2.42 RA) of sample 10TL01-2 is enigmatic; the high 4He/20Ne of
these pyroxenes (760) is indistinguishable from the other mineral se-
parates, and rules out air contamination as the cause of the low
3He/4He. Furthermore, since all pyroxene samples are products of the
same very recent eruption, post-eruptive radiogenic in-growth of 4He
cannot have lowered the 3He/4He of sample 10TL01-2. Similarly, pre-
eruptive in-growth of 4He or a signiﬁcant crustal contamination appears
inconsistent with the fact that the 4He concentration of sample 10TL01-
2 agrees with that of the other samples. Given that its duplicate
(10TL01-1) yields 3He/4He = 6.68 ± 0.62 RA, sample 10TL01-2 is
excluded from further discussion. Thus, the helium isotope composi-
tions of the cognate xenoliths sampled at the summit of Oldoinyo
Lengai vary from 5.79 ± 0.82 RA for sample 10TL06-2 to 7.24 ± 0.44
RA for sample 10TL05-2. These 3He/4He values overlap with the SCLM
(5.2 to 7.0 RA; Gautheron and Moreira, 2002) and the lower end of the
MORB range (7 to 9 RA; Graham, 2002; Fig. 2).T
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Olivines of the cumulate xenolith from Oltatwa maar (sample
14TG21) have helium isotopic compositions of 4.89 ± 0.72 RA,
agreeing, within error, with the 3He/4He of two of the cognate mid-
crustal magma chamber xenoliths. This value is also remarkably similar
to pyroxenes from mantle-derived xenoliths of Pello Hill (Hilton et al.,
2011). However, given the older eruption age of sample 14TG21
(365 kya; Sherrod et al., 2013), a contribution of radiogenic 4He from
post-eruptive in-growth cannot be ruled out, so the measured isotopic
ratio represents a minimum estimate. Therefore, the 3He/4He of oli-
vines of the Oltatwa xenolith cannot be distinguished from those of the
Oldoinyo Lengai pyroxenes.
4.2. Neon and argon isotopic compositions of Embalulu Oltatwa and
Oldoinyo Lengai
Neon isotopic compositions of Oldoinyo Lengai pyroxenes (10TL01,
10TL05, 10TL06) and Embalulu Oltatwa olivines (14TG21) are similar
to the air ratio (Fig. 3). The only exception is sample 10TL05-2, which
also records the highest 3He/4He value; these pyroxenes are char-
acterized by 20Ne/22Ne and 21Ne/22Ne of 10.77 ± 0.73 and
0.037 ± 0.003, respectively. These values are in the range of the
MORB line deﬁned by Moreira et al. (1998) and Sarda et al. (1988), and
the SCLM line deﬁned by Gautheron et al. (2005), and indicate mixing
of neon derived from the air with MORB or SCLM reservoirs.
Pyroxenes from the cognate xenolith samples of Oldoinyo Lengai
are enriched in 40Ar compared to the atmospheric ratio
(40Ar/36Ar = 298.56 ± 0.31; Lee et al., 2006), with 40Ar/36Ar varying
from 332 ± 27 to 675 ± 12 (Table 1). Since the xenoliths were
erupted very recently, their elevated 40Ar/36Ar values cannot result
from the post-eruptive radioactive decay of 40K. Instead, such elevated
isotopic ratios compared to air indicate mixing between air and a
mantle reservoir with a high 40Ar/36Ar value; however, the measured
isotopic ratio does not permit distinction between the MORB reservoir
(maximum 40Ar/36Ar of ~44,000; Moreira et al., 1998) or the deep
mantle (40Ar/36Ar≤ 10,000; Mukhopadhyay, 2012).
For each mineral sample, 40Ar concentrations are corrected for at-
mospheric argon by:
⎜ ⎟ ⎜ ⎟= ×
⎡
⎣
⎢
⎛
⎝
⎞
⎠
− ⎛
⎝
⎞
⎠
⎤
⎦
⎥
∗Ar [ Ar ] Ar
Ar
Ar
Ar
,40 36 m
40
36
m
40
36
air
where 36Arm and (40Ar/36Ar)m are the measured 36Ar concentration and
argon isotopic ratio, respectively, and (40Ar/36Ar)air is the isotopic ratio
of air. We assume that all 36Ar is derived from the atmosphere. Our
calculated 4He/40Ar* ratios range from 0.41 to 5.69 (Table 1), similar
to the calculated 4He/40Ar mantle production ratio, which is on the
order of 2.9 (1.6–4.2) based on the U, Th, and K concentrations of the
mantle (Jochum et al., 1983; Graham, 2002). Since equilibrium de-
gassing leads to increased 4He/40Ar* in the residual magma due to the
solubility contrast between He and Ar in basaltic melts (Jambon et al.,
1986), low 4He/40Ar* values between 1.6 and 4.2 are generally as-
sumed to indicate that samples have not experienced signiﬁcant
degassing (e.g., Füri et al., 2010). Our calculated 4He/40Ar* values are
therefore consistent with their parent Oldoinyo Lengai melts being re-
latively undegassed. The undegassed cognate xenoliths are thus con-
sistent with an origin as partially crystallized crystal mushes that
document the mid-crustal magma chamber.
4.3. He and Ne compositions of Oldoinyo Lengai fumaroles
The measured helium isotopic compositions of Oldoinyo Lengai
fumaroles sampled in 2014 range from 6.57 ± 0.26 RA to
7.75 ± 0.31 RA. These helium isotope ratios were corrected for at-
mospheric contamination on the basis of the 4He/20Ne ratio measured
in the gas samples (Sano and Wakita, 1985). The corrected helium
isotopic ratios (Rc) agree within error, varying from 7.05 ± 0.30 RA
for fumarole #6 to 7.76 ± 0.33 RA for sample 2 from fumarole #7
(Fig. 4), with an average fumarolic value of 7.31 ± 0.24 RA. Notably,
replicate analyses of sample OLD14-07 yielded consistent results of
7.33 ± 0.30 and 7.76 ± 0.33 RA. In general, the helium isotopic
compositions of the 2014 Oldoinyo Lengai fumarole samples are com-
parable to the lower end of the MORB range; however, uncertainties on
the measurements are large enough that no clear distinction can be
made between a MORB and SCLM signature.
Neon isotopic ratios of samples OLD14-07 and OLD14-04 that were
collected in the Giggenbach bottles are 20Ne/22Ne = 9.83–10.00 and
21Ne/22Ne = 0.028–0.029, and have not been corrected for possible
mass interferences. Notably, these values are similar to the isotopic
signature of air (Fig. 3), indicating severe atmospheric contamination of
the collected gases. Therefore, no inference can be made about the neon
signature of the Oldoinyo Lengai mantle source based on the fumarolic
gases.
5. Discussion
5.1. Spatial distribution of helium isotopes, and carbonatite genesis
In Fig. 2, our xenolith-hosted mineral samples are compared to
other xenoliths sampled in the Arusha volcanic province within 100 km
of Oldoinyo Lengai (Pik et al., 2006; Hilton et al., 2011; Halldórsson
et al., 2014). The ﬁve pyroxene samples that document the active mid-
crustal magma chamber have an average 3He/4He = 6.58 ± 0.46 RA,
in excellent agreement with 6.78 ± 0.13 RA previously reported for
pyroxenes from the Oldoinyo Lengai summit (Hilton et al., 2011). Thus,
all measurements of summit xenoliths are similar. Furthermore, oli-
vines of a mantle peridotite xenolith at the nearby Embalulu Kirurum
volcano are comparable, with 3He/4He = 5.91 ± 0.12 RA (Hilton
et al., 2011). The deep crustal cumulative xenolith from the adventive
eastern ﬂank maar of Oldoinyo Lengai (Embalulu Oltatwa) is char-
acterized by a slightly lower 3He/4He of 4.89 ± 0.72 RA; however,
post-eruptive radiogenic ingrowth may have aﬀected this sample.
Within error, both the Oltatwa (deep crustal) and Embalulu Kirruum
(mantle) sources have helium isotope compositions similar to Oldoinyo
Table 2
Helium and neon isotopic ratios, and 4He/20Ne ratios, of Oldoinyo Lengai fumaroles.
Sample Sampling # Temperature 3He/4He ± 4He/20Ne ± 3He/4He ± 20Ne/22Ne ± 21Ne/22Ne ±
Name Vessel Fumarole (R/RA) RC/RA 10−2
OLD14-01 Cu tube 1 79 °C 7.07 0.29 207 7 7.08 0.38 n.d. n.d.
OLD14-03 Cu tube 3 62 °C 6.57 0.26 3.40 0.02 7.24 0.29 n.d; n.d.
OLD14-04_1 Giggenbach 3 62 °C 6.91 0.28 4.72 0.02 7.41 0.30 9.87 0.02 2.99 0.027
OLD14-04_2 n.d. n.d. n.d. 9.83 0.03 2.88 0.031
OLD14-06 Cu tube 6 79 °C 6.70 0.27 6.48 0.08 7.05 0.30 n.d. n.d.
OLD14-07_1 Giggenbach 7 75 °C 7.32 0.30 228 1.3 7.33 0.30 10.00 0.04 2.76 0.038
OLD14-07_2 7.75 0.31 462 6 7.76 0.33 n.d. n.d.
n.d. – no data due to high blank contributions (≥20%).
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Lengai.
At about 10 km from Oldoinyo Lengai, mantle-derived olivines from
the Eledoi volcano have 3He/4He = 6.69 ± 0.10 RA (Hilton et al.,
2011), values overlapping with our crustal pyroxene and olivine mea-
surements at Oldoinyo Lengai. Still further away, mantle xenoliths from
Lashaine and Olmani-Chereni volcanoes have helium isotopic ratios of
6.02 ± 0.10 RA (based on 10 measurements) and 5.44 ± 0.18 RA,
respectively (Halldórsson et al., 2014). Porcelli et al. (1986) reported
higher values of 6.9 ± 0.3 RA for Lashaine olivines, but their samples
might have been aﬀected by a cosmogenic 3He contribution (Porcelli
et al., 1987). Thus, although the 3He/4He of the Olmani-Chereni mantle
source is slightly lower than that of Oldoinyo Lengai, Lashaine records a
similar value.
Two helium isotopic measurements of Pello Hill mantle xenoliths
are presented in Fig. 2; crushing of olivine produced a result of
6.42 ± 0.25 RA, and crushing of pyroxene produced 4.95 ± 0.23 RA
(Hilton et al., 2011). This result is consistent with the notion that
pyroxene is more susceptible to diﬀusive helium exchange with the
crust because of its lower closure temperature (e.g., Shaw et al., 2006),
implying that the helium isotope composition of olivine is a more re-
liable volatile source tracer. We note that at the summit of Oldoinyo
Lengai, no olivine-bearing sample was found during ﬁeld sampling in
2014. However, since our samples are cognate xenoliths, i.e., they were
crystallizing just before transport to the surface in 2008, we expect that
there was insuﬃcient time for radiogenic 4He production and diﬀusion
of helium to have signiﬁcantly aﬀected their helium isotopic compo-
sitions.
Within analytical uncertainties, mantle xenoliths of the Arusha
volcanic province and the deep and mid-crustal magma chambers of
Oldoinyo Lengai record a SCLM helium isotope signature (Fig. 2).
Hence, based on helium isotopes alone, the mantle source sampled by
various silicate (basanite, nephelinite, and melilitite) volcanoes cannot
be distinguished from that of the Oldoinyo Lengai carbonatitic system,
indicating that carbonatite and alkaline magmas of the Arusha volcanic
province do not result from melting of diﬀerent mantle domains.
Fischer et al. (2009) demonstrated that a low degree of partial melting
of a relatively C-poor (≤300 ppm C) lithospheric mantle occurs below
the Oldoinyo Lengai. Therefore, Mitchell and Dawson (2012) proposed
a carbonatite genesis model by protracted diﬀerentiation until im-
miscibility between carbonate and silicate magmas. Considering our
results and these studies (Fischer et al., 2009; Mitchell and Dawson,
2012), carbonatite genesis must therefore be unrelated to composi-
tional variations of the mantle source or to melting parameters, but
rather related to the extreme diﬀerentiation that occurs at Oldoinyo
Lengai.
5.2. Identiﬁcation of a metasomatized SCLM mantle domain
Halldórsson et al. (2014) suggested that helium and neon isotopic
compositions of the EAR represent mixing between a mantle plume and
either a depleted MORB mantle (DMM) or SCLM component. The pre-
sence of a mantle plume is better supported by high 3He/4He in the Afar
(north) and Rungwe (south) provinces than in the central EAR (Kenya
and northern Tanzania) where xenoliths record DMM or SCLM He
signatures (Pik et al., 2006; Hilton et al., 2011; Barry et al., 2013) with
little to negligible plume contribution. The helium isotopic composi-
tions of crustal and mantle xenoliths from Oldoinyo Lengai and nearby
volcanoes are consistent with an important contribution of a SCLM
mantle source (Fig. 2). This conclusion is in agreement with petro-
graphic, geochemical, and isotopic (Sr, Nd, and Li) investigations re-
vealing the regional old cratonic lithospheric mantle to be hetero-
geneous and pervasively metasomatized by asthenospheric melts
(Dawson and Smith, 1988; Rudnick et al., 1993; Aulbach et al., 2008).
The Sr-Nd-Pb isotopic compositions of the various alkaline magmas
from Oldoinyo Lengai similarly indicate an EM1-like lithospheric
mantle source that has been metasomatized by melts/ﬂuids with HIMU-
DMM aﬃnity (Bell and Simonetti, 1996). Based on CO2, He, N2, and Ar
isotopes, Fischer et al. (2009) argued that volatiles emitted near the
summit of Oldoinyo Lengai are MORB-like, indicating a volatile sig-
nature similar to that of the degassed convecting upper mantle. Alto-
gether, those previous studies and our new results, support a model in
which the source of Oldoinyo Lengai magmas is the lithospheric mantle
that has been enriched and intensely metasomatized by ﬂuids/melts
that derivate from the degazed upper convecting mantle (DMM-like).
An alternative model with an asthenospheric mantle derived melt
(DMM-like) interacting during its ascent with the metasomatized and
enriched lithospheric mantle would also support the data.
5.3. Gases throughout the plumbing system to fumaroles
The exceptional cognate xenoliths of the 2007–2008 eruption allow
direct access to the volatile composition of the active magma chamber.
The helium isotopic composition of six mineral samples from this
eruption varies from 5.79 ± 0.82 to 7.24 ± 0.44 RA, with an average
Fig. 3. Neon isotope systematics (20Ne/22Ne vs. 21Ne/22Ne) of minerals and fumaroles
from Oldoinyo Lengai and Oltatwa maar. One clinopyroxene (cpx) sample lies on the
MORB or SCLM lines (Moreira et al., 1998; Sarda et al., 1988), indicating mixing between
the MORB or SCLM end-member and air. Gray data points are from northern Tanzania
(Halldórsson et al., 2014). MFL is the mass fractionation line.
Fig. 4. Corrected helium isotopic ratios (RC/RA) of Oldoinyo Lengai fumaroles, where RC
is the 3He/4He ratio corrected for atmospheric contamination. Data are shown as a
function of relative time, and include ﬁve fumaroles from this study and results from the
literature (Javoy et al., 1988; Teague et al., 2008; Fischer et al., 2009; Barry et al., 2013).
Gray data points represent uncorrected 3He/4He values (R/RA). The typical range of the
depleted mantle (MORB; 7–9 RA; Graham, 2002) and SCLM (5.2–7.0 RA; Gautheron and
Moreira, 2002) are indicated in yellow and orange, respectively. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)
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value of 6.58 ± 0.46 RA. This value is quite close to the average
3He/4He of 7.31 ± 0.24 RA characterizing the ﬁve fumaroles sampled
in 2014. Therefore, all of the most recent helium isotope ratio mea-
surements at Oldoinyo Lengai are similar within analytical un-
certainties. Furthermore, the similarity between cognate xenolith and
fumarolic values reveals that volatiles in the magma chamber are nearly
identical to the fumarolic gases emanating at the surface.
The similarity of the hydrothermal ﬂuid in the magma chamber and
at the surface raises two salient points. First, no contamination or as-
similation (which would decrease the 3He/4He of the gas phase en route
to the surface) is evidenced by the helium isotopic compositions of ei-
ther fumarolic gases or ﬂuids trapped in minerals from the crustal
magma chamber. Second, the cognate xenoliths record the primary
volatile component during an explosive eruption, which is impossible to
monitor from fumarolic gas emissions during explosive eruptive ac-
tivity.
5.4. Temporal evolution of the Oldoinyo Lengai helium isotopic
compositions
Oldoinyo Lengai fumarole samples collected in October 2014 are
compared to previous gas samples collected between 1988 and 2009
(Fig. 4). The average helium isotope ratio of the fumaroles sampled in
October 2014 is 7.31 ± 0.24 RA, in agreement with the only other
reported fumarolic sample since the 2007–2008 explosive eruption
(6.82 ± 0.25RA; Barry et al., 2013). Prior to the explosive eruption,
fumarolic gas values have been reported as 6.74 ± 0.07 RA in 2005
(Fischer et al., 2009), 6.72 ± 0.30 RA in October 2003, Teague et al.
(2008), and 7.6 ± 0.2 RA in 1988 (Javoy et al., 1988). Fumarole
analyses pre-dating the 2007–2008 explosive eruption were sampled at
the active north crater of Oldoinyo Lengai, which resembled a ﬂat
platform, marked by several hornitos formed during natrocarbonatite
ﬂow emissions (Kervyn et al., 2008; Keller and Kraﬀt, 1990). The 2007
sub-Plinian eruption destroyed the platform, creating a deep crater
(Fig. 1B and C). Although this morphology change impacted the surface
location of fumaroles, and despite recharge by a less-evolved melt in the
mid-crustal magma chamber (e.g., Bosshard-Stadlin et al., 2014), the
helium isotopic composition of fumarolic emissions remained fairly
unaﬀected, certifying that the deep volatile plumbing system has re-
mained stable. The Oldoinyo Lengai hydrothermal system thus appears
to have been stable since at least 1988, with a fumarolic gas source that
has not signiﬁcantly evolved.
6. Conclusion
Noble gas (He, Ne, Ar) measurements of various mantle and crustal
xenoliths and fumaroles from Oldoinyo Lengai provide new constraints
on the genesis, evolution, and architecture of the only active carbona-
tite system. Helium isotopic compositions of deep crustal xenoliths
(deep cumulates), the mid-crustal active magma chamber, and summit
fumaroles are similar. Neon and argon isotopic compositions provide
constraints on the degree of degassing and the source mantle domain.
Our results show that:
- Helium isotope ratios of summit fumaroles and deep- and mid-
crustal magma chambers below Oldoinyo Lengai are similar to nu-
merous mantle xenoliths from the Arusha volcanic province that
indicate a SCLM mantle source.
- The mantle source is suggested to be an old, cratonic, hetero-
geneous, and enriched SCLM, which has suﬀered extensive meta-
somatism by ﬂuids or melts derived from the degassed convecting
mantle (MORB type), although an asthenospheric melt interacting
with the heterogeneous and metasomatized SCLM may also match
with the data.
- The similarity between the helium isotope compositions of carbo-
natite and silicate volcanoes of the Arusha volcanic province
supports a model in which carbonatites result from melting of a
similar source as their silicate counterparts, but diﬀer by following a
complex liquid line of descent.
- Helium isotope compositions of fumaroles are similar to samples
derived from the deep- and mid-crustal magma chambers, arguing
against crustal contamination or air assimilation during magma and
volatile ascent.
- Cognate xenoliths sample volatiles during brief episodes of sub-
Plinian silicate magma emissions at this dominantly (over the last
century) carbonatite volcano.
- Fumarolic helium isotope compositions have remained fairly con-
stant since 1988, including during and after the sub-Plinian
2007–2008 eruption, demonstrating that the hydrothermal system is
deeply rooted, with an architecture that has been stable for a
minimum of 30 years.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2017.08.015.
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